Monoclonal antibodies (mAbs) play an increasing important role in the therapeutic armamentarium against multiple sclerosis (MS), an inflammatory and degenerative disorder of the central nervous system. Most of the mAbs currently developed for MS are immunomodulators blocking the inflammatory immune process. In contrast with mAbs targeting immune function, GNbAC1, a humanized IgG4 mAb, targets the multiple sclerosis associated retrovirus envelope (MSRVEnv) protein, an upstream factor in the pathophysiology of MS. MSRV-Env protein is of endogenous retroviral origin, expressed in MS brain lesions, and it is pro-inflammatory and toxic to the remyelination process, by preventing the differentiation of oligodendrocyte precursor cells. We present the preclinical and early clinical development results of GNbAC1. The specificity of GNbAC1 for its endogenous retroviral target is described. Efficacy of different mAb versions of GNbAC1 were assessed in MSRV-Env induced experimental allergic encephalitis (EAE), an animal model of MS. Because the target MSRV-Env is not expressed in animals, no relevant animal model exists for a proper in vivo toxicological program. An off-target 2-week toxicity study in mice was thus performed, and it showed an absence of safety risk. Additional in vitro analyses showed an absence of complement or antibody-dependent cytotoxicity as well as a low level of cross-reactivity to human tissues. The first-in-man clinical study in 33 healthy subjects and a long-term clinical study in 10 MS patients showed that GNbAC1 is well tolerated in humans without induction of immunogenicity and that it induces a pharmacodynamic response on MSRV biomarkers. These initial results suggest that the mAb GNbAC1 could be a safe long-term treatment for patients with MS with a unique therapeutic mechanism of action.
Introduction
Multiple sclerosis (MS) is an inflammatory and demyelinating degenerative disorder of the central nervous system (CNS) of unknown etiology. 1 Monoclonal antibodies (mAbs) play an increasing role in the treatment of MS due to their high target specificity and their biological potency. 2 So far, registered mAbs and those in late clinical development have been designed to interact with molecules and cells involved in the immune response. For example, the first mAb to be registered for MS was natalizumab, which binds to a4b1/a4b7 integrin present on the surface of lymphocytes, thus preventing the lymphocytes from penetrating into the CNS. 3 Alemtuzumab, recently registered in Europe, Australia and Canada, is the second mAb to be approved in MS. It is a humanized IgG1 mAb that specifically targets CD52 receptors expressed on the surface of B and T cells, thereby inducing depletion of lymphocytes over the long term. 4 Several other mAbs are currently in clinical development for MS, including daclizumab, ocrelizumab, ofatumumab, tabalumab, secukinumab and BIIB033. 5 Most of the mAbs currently marketed or developed in MS have an immunomodulatory or immunosuppressive mode of action impacting essentially on the immunedriven inflammatory process. Among the mAbs in clinical development for MS is GNbAC1, which is a humanized IgG4 mAb. It is the only mAb targeting the envelope (Env) protein of an active element from the human endogenous retrovirus type W family (HERV-W), also named multiple sclerosis associated retrovirus (MSRV) . 6 MSRV appears to play a critical role in MS physiopathology. For example, MSRV expression is associated with distinct clinical features in MS patient populations, and its presence in the cerebrospinal fluid correlates with clinical progression and prognosis of MS. 7 In post-mortem brain tissue from MS patients, the MSRVEnv protein is expressed in MS plaques, and its level of expression correlates with the plaque activity. 8 MSRV-Env comprises 3 domains: the signal peptide, the surface domain or ectodomain (SU) and the transmembrane domain (TM). The SU domain is an agonist of the Toll-like receptor 4 (TLR4). 9 By activating the TLR4 pathway, MSRV-Env induces the release of pro-inflammatory cytokines such as IL-1ß, IL-6 or TNF-a from peripheral blood mononuclear cells (PBMC) and microglial cells from the central nervous system (CNS). 9, 10 Moreover, MSRV-Env induces the blockade of the oligodendrocyte precursor cell differentiation, which is necessary for the remyelination process in MS lesions; this pathogenic effect is also mediated by TLR4 interaction. 11 Both the pro-inflammatory effect and the oligodendrocyte toxicity point to MSRV-Env protein as a relevant therapeutic target for MS.
The particular therapeutic interest of the MSRV-Env target comes from the fact that this protein is highly expressed in patients, most specifically in brain demyelinating lesions, and it has no known role in the normal human physiology. MSRV proteins, and more generally proteins from the HERV-W family, appear to be immunologically tolerated in humans, thus not eliciting significant and specific antibody production when abnormally expressed. 12 The gene encoding the MSRV-Env protein belongs to the HERV-W family of retroviral elements, which are widely and heterogeneously dispersed in the human genome following the integration of exogenous retroviruses that have infected the germ line of their host since nearly 25 million years ago. 13, 14 The HERV elements represent approximately 8% of the human genomic sequences. From a phylogenic perspective, HERV-W elements, to which MSRV belongs, shares strong homologies with other endogenous or exogenous retroviruses as it can be seen from the phylogenic tree according to Weiss et al. 15 ( Fig. 1) .
Based on these considerations, a recombinant DNA-derived humanized mAb was developed that selectively binds with high affinity to the SU domain of the MSRV-Env protein and neutralizes its TLR4 binding potential without interacting with this receptor. 10 This mAb, GNbAC1, may act as an innovative treatment for MS by blocking a factor that now appears to play a critical pathophysiological role. 16 GNbAC1 is currently developed as a first line therapy for MS. The discovery and the results of preclinical and early clinical development studies of GNbAC1 are presented here.
Results
Target identification and sequence specificity To optimize safety and efficacy, the MSRV-Env target identification and specificity characterization were needed. Based on the Basic Local Alignment Search Tool (BLAST) sequence comparison results are shown in Figure 2 , no identical protein to MSRV-Env was found in humans or animals apart from this MSRV virion-associated copy itself. Only the related HERV-W Syncytin protein, also known as Enverin, 17 which is encoded by a single locus (ERVWE1) on chromosome 7 18, 19 and expressed in human placenta, shares 81% identity with MSRV-Env. 20 Syncytin is aligned and identified by its characteristic deletion of 4 amino acids in the C-terminus part (EAVK-LQMEPK, for Syncytin including 4 amino acid deletion (dots) versus EAVKL-QIVLQMEPQ for MSRV-Env protein). Syncytin expression is tigthly regulated and restricted to placenta syncytio-trophoblast during pregnancy. 21 
Discovery and development of GNbAC1
The parent MSRV-Env-specific mouse mAb mu-GNbAC1 (IgG1/kappa) was obtained by immunizing mice with recombinant MSRV-Env protein expressed from a cloned RT-PCR amplicon from purified extracellular MSRV virions. The lead product, mu-GNbAC1, was selected based on its ability to neutralize the induction of pro-inflammatory cytokines by MSRVEnv in PBMC cultures. 10 As shown in Figure 3 , it was also selected as being able to bind to the full length MSRV-Env (called Env-T, Fig. 3A) , as well as to the ectodomain MSRVEnv-SU, compared to other mAb candidates that do not bind to MSRV-Env-SU but to epitopes in other domains as the pro-peptide and the transmembrane unit. (Fig. 3B) . The best binding activity against the different MSRV-Env preparations was noted for the lead candidate.
Before the final humanization step, interim forms were produced consisting of a chimeric IgG1 immunoglobulin (ch- Figure 1 . Phylogeny of endogenous and exogenous retroviruses according to Weiss et al. 15 Alpha, b, gamma and epsilon retroviruses have simple genomes, lentiviruses, deltaviruses and spuma viruses have complex genomes.
GNbAC1-IgG1) and a chimeric IgG4 immunoglobulin (chGNbAC1-IgG4).
Finally, a humanized version of the antibody, GNbAC1, that fully retains the binding properties of the parent murine form was developed via an in silico design based on the amino acid sequence of the murine parental antibody. GNbAC1 is a full-length antibody of the IgG4/kappa subclass. To stabilize the interchain disulfide bridges of the IgG4 molecule, site-directed mutagenesis in the core region was performed. GNbAC1 has a molecular weight of approximately 147 KDa and binds to MSRV-Env with an affinity (KD) of 2.2 nM. The specificity and the biological activity of the mAb during the humanization process were determined with in vitro assays and in vivo with experimental allergic encephalitis (EAE) models induced by MSRV-Env. 22 Animal models Assessment of therapeutic efficacy of mu-GNbAC1 and chimeric ch-GNbACIgG1 and chGNbAC1-IgG4 constructs in MSRV-Env induced EAE is presented in Figure 4 . The efficacy of intermediate constructs during the mAb humanization process was assessed, and the efficacy of IgG4 vs. IgG1 was compared in this model. As shown in Figure 4 , reversal of clinical score kinetics toward healing (please refer to the Methods section for clinical score description) was observed in all groups treated with the different versions of GNbAC1. All untreated animals died (or had to be euthanized because of complete paralysis) after day 28, all mice treated with ch-GNbAC1 mAbs survived, in the mu-GNbAC1 group, 2 mice did not survive, after day 28 and 35, respectively. The efficacy of ch-GNbAC1-IgG4 antibody was similar to that of the ch-GNbAC1-IgG1 antibody suggesting that IgG1 effector function was not necessary to the therapeutic efficacy in this model; therefore the IgG4 molecule was selected for humanization.
Immunoglobulin cytotoxicity
Although GNbAC1 is an IgG4 with a low likelihood of induction of antibody dependent cell-mediated cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC), these toxicities cannot be formally ruled out when MSRV-Env is expressed on the cell surface. Therefore, in vitro experiments were performed in which complement activation in the presence of transfected human cells expressing the antigen on their surface was investigated. In a similar experimental setup, PBMC or natural killer (NK) cell-mediated antibody-dependent cytotoxicity against such antigen-expressing transfectants was analyzed.
The analysis of ADCC and CDC mediated by GNbAC1 was performed using cultured HEK293 cells transiently transfected with a plasmid encoding human recombinant ENV-MSRV-psHis-pHHB/2. The protein MSRV-Env is expressed on the surface of the transfected HEK293 cells and functions as the antigen recognized and bound by GNbAC1 antibodies. As a positive control, possibly inducing CDC or ADCC, the chimeric monoclonal chGNbAC1 of IgG1 isotype was used. The transfection efficiency was analyzed by flow cytometry using a fluorometric (FITC-conjugate) ch-GNbAC1 antibody. Representative results of transfection analysis are shown in Figure 5 .
The CDC-dependent dose-response curves of GNbAC1 isotype IgG1 (chGNbAC1-IgG1) and isotype IgG4 (GNbAC1), respectively, are shown in Figure 6 . The isotype IgG1 induced a dose-depending signal response while isotype IgG4 did not. Maximal% cytotoxicity was calculated related to the total number of cells and to transfected cells only (14% vs 62% and 8% vs 52%, respectively). No significant change in maximal% cytotoxicity was observed when comparing different incubation times.
In conclusion, both ADCC and CDC were analyzed with both IgG1 and IgG4 isotypes of GNbAC1. Dose dependent ADCC response was not detected with any of the mAbs. A dosedependent CDC response could be observed for the IgG1 isotype only. As expected for antibodies of IgG4 isotypes, this isotype did not show a significant CDC-mediated response or antibodymediated cellular cytotoxicities.
In silico immunogenicity assessment
To assess potential immunogenicity, the sequence of GNbAC1 was scanned for the presence of putative human leukocyte antigen (HLA) class II restricted epitopes, also known as T helper (Th)-cell epitopes. As a general overview of the results, Table 1 shows the number of strong binders corresponding to the DRB1, DQ, DP and DRB3/4/5 genes (epitope counts). The results show that no binders were found within the constant regions or the hinge region of the antibody; overall 9 strong potential DRB1 binders were found within the variable regions VH and VL. As in the humoral response raised against an antigen, the observed Th cell activation/proliferation is generally interpreted in terms of the DRB1 specificity; we focused on this specificity. Taking into account that 10-mer overlapping peptides were used, detailed analyses of the results showed that all 9 strong potential DRB1 binders were within the complementarity-determining regions (CDR) of the antibody and none was found within the framework. 
Toxicology
GNbAC1 was evaluated in a 2-week, toxicity study in mice following a single intravenous administration of GNbAC1 at 6 mg/kg and 30 mg/kg doses, representing 1£ and 5£, respectively, the maximal dose administered in healthy volunteers in the Phase 1 trial. GNbAC1 serum concentrations were still quantifiable 312 hours after injection. GNbAC1 serum exposures were similar in male and female mice, and increased relatively dose-proportionally between 6 and 30 mg/kg (Fig. 7) . No GNbAC1-related clinical signs, including ophthalmological findings, were observed during the study and body weight and food consumption were considered to be unaffected by the treatment. At hematology investigations and when compared to controls, slightly higher white blood cell counts, mainly due to lymphocyte and neutrophil counts, were observed in high-dose females. The same trend was observed in some males and in low-dose females. At blood biochemistry investigations, higher glucose level was observed in high-dose males and to a lower extent in high-dose females. At pathology, no GNbAC1 treatment-related organ weight changes, macroscopic post-mortem or microscopic findings were observed. In conclusion, no effects were observed on clinical signs, body weight, food consumption or pathology; only marginally higher white blood cell counts and glucose levels were observed in animals given GNbAC1 30 mg/kg. The No Observed Adverse Effect Level (NOAEL) of GNbAC1 was established at 30 mg/kg/day.
Human tissue cross-reactivity Two concentrations of GNbAC1 (2 mg/ml and 10 mg/ml) were tested on 42 different human tissues. At the high (10 mg/ ml) concentration, a GNbAC1-related staining considered to be specific was noted in the mature urothelium (umbrella cells) of the ureter and the urinary bladder, syncytiotrophoblasts/ trophoblasts of the placenta and superficial endometrial epithelial cells of the uterus of one single panel only. Staining of minor importance, most likely non-specific, was noted in the crypt epithelium of the intestinal tract, canaliculi of the breast and tails of spermatids in the testis. At the optimal concentration of GNbAc1 (2 mg/ml), no staining was considered to be related to the mAb.
Safety in humans
In the Phase 1 clinical study, the exposure to GNbAC1 was equivalent to 23 mAb injections or 23 subject-months. Twentyeight adverse events (AE) were observed during this study. 23 In the Phase 2a study and its 12-month extension, the exposure to GNbAC1 was equivalent to 106 mAb injections or 106 subjectmonths. One hundred forty AE, mostly mild to moderate and not related to treatment, were observed during this study. 24, 25 The total exposure to GNbAC1, cumulating both studies, was 129 injections or 10.8 subject-years. Adverse events observed with a frequency of more than 5% in the 2 studies are summarized in Table 2 . Nasopharyngitis was the most frequently reported AE. Apart from this, the AEs reported were essentially associated with MS disorder or underlying medical conditions. Frequently reported AEs were gait disturbance or cystitis/leukocyturia, but were observed among MS patients and not healthy subjects. Events such as hyperglycemia, g-glutamyl-transferase increase, sinus bradycardia and prolonged QT intervals were transient AEs of mild to moderate severity and were observed in MS patients and not in healthy subjects. Furthermore, the 2 patients presenting transient and slight hyperglycemia were known and treated for type II diabetes and both patients with bradycardia were also known for this arrhythmia. No particular changes in vital signs or ECG data apparently related to the study drug were noticed in the 2 clinical studies.
In vivo immunogenicity assessment
In the Phase 1 study in healthy volunteers, 2 subjects treated with GNbAC1 showed reactivity prior and after dosing. One subject (dosed at 0.0025 mg/kg GNbAC1) had positive results at all time points, and the other subject (dosed at 0.15 mg/kg GNbAC1) had positive results at Baseline and at Day 64. Hence, 2 out of the 33 study subjects had pre-existing reactivity against GNbAC1. Due to the low antibody titers, clinical relevance is not likely, although an assay for the detection of the neutralizing capacity was not performed. A correlation of the measured antibodies with the in silico data is speculative currently since no clinical or pharmacokinetic (PK) effects of the measured antibodies were detectable, targeting epitopes other than the CDRs (as predicted by the in silico tools) is conceivable. Since no significant anti-drug antibody (ADA) titer was measured, and therefore no drug induced ADA were observed, no treatment-emergent antibodies against GNbAC1 appeared in any of the treated subjects throughout the entire study period of 64 d. In the Phase 2a study, in 10 MS patients followed over 12 administrations of GNbAC1 at 2 mg/kg or at 6 mg/kg, all the monthly measurements were negative.
Pharmacokinetic evaluation
Serum concentrations of GNbAC1 measured in patients in the Phase 2a study up to 63 d after the first administrations at 2 and 6 mg/kg are summarized in Figure 8 with semi-logarithmic scale presentations. The shape of the mean PK profiles suggests 2 exponential decline components. The PK of GNbAC1 after intravenous administration in humans is characterized by a rather long apparent terminal elimination half-life of approximately 27-37 d. Similarly, observed geometric mean mean residence time (MRT) values by dose range from 34 to 50 d. Mean maximal concentrations (Cmax) after the first dose for the 2 mg/kg and 6 mg/kg dose groups were 59.2 mg/ml and 165.5 mg/ml, respectively, and mean minimal concentrations (Cmin) for the same dose groups after multiple dosing were 27.3 mg/ml and 78.9 mg/ml, respectively. A single cerebro-spinal fluid (CSF) GNbAC1 concentration was obtained one month after dosing at steady state in the 6 mg/kg group; the CSF/plasma concentration ratio was 0.02%. Geometric mean clearance by dose ranged from 0.08 to 0.10 mL/kg/h. Geometric mean volume of distribution by dose ranges from 88.6 to 91.5 mL/kg. The ratios of area under the curve (AUC) and Cmax between the 2 and 6 mg/kg dose levels were between 2.2 and 2.8, supporting a linear PK of GNbAC1 within the evaluated dose range.
Discussion
The IgG4 mAB GNbAC1, developed as a treatment for MS, targets the MSRV-Env protein, which appears to play a critical role in the inflammatory and demyelination processes central to the disease. The advantage of this new targeted therapeutic approach is the unique pathophysiological role of the MSRVEnv target in the disease, in the absence of any known physiological action. Notably, this approach does not modulate the immune system, which is currently the focus of most MS therapeutics development. 5 Neutralization of MSRV-Env should not induce a perturbation of the normal physiology of the treated patients, and, consequently, GNbAC1 should have a favorable safety profile, which is critical for long-term treatments. The preclinical and early clinical data support this view.
In vivo preclinical models mimicking MS showed that the different versions of GNbAC1 could treat and prevent exacerbations of MSRV-Env induced EAE. In particular, the IgG4 version of the mAb appeared equally effective as the IgG1 version; this result supported the humanization of a ch-GNbAC1-IgG4 which may present a better safety profile.
Because the target is translated from endogenous retrovirus genes that are specific to humans, 16 there are no valid animal models to assess toxicity. MSRV-Env is a protein translated from genes located in the human genome, but of retroviral origin showing unfixed position in the human genome and population, 26 and, to a certain extent, their translation product can be considered as a foreign target. As stated in the addendum to the International Conference on Harmonisation (ICH) S6 (R1) guideline 27 "for monoclonal antibodies and other related antibody products directed at foreign targets (i.e., bacterial, viral targets etc.), a short-term safety study in one species [. . .] can be considered." Discussion with regulatory authorities supported the view that toxicology studies in animals would not provide valuable data leading to a meaningful outcome. Therefore a minimal toxicology program in line with ICH guidelines was chosen before Phase 1 study. The off-target acute toxicity study showed an absence of clinical or pathological effects with non-significant marginal laboratory perturbations. The No Observed Adverse Effect Level (NOAEL) for GNbAC1 was established at 30 mg/ kg. In the absence of a suitable animal model expressing the native target antigen for assessment of the consequences of target modulation, no further toxicology studies in animals were performed. Due to this limitation, and to reinforce the preclinical safety assessment, the Fc effector function of GNbAC1 was assessed. Both ADCC and CDC were analyzed with GNbAC1 IgG4, in comparison to an IgG1 isotype control (ch-GNbAC1 IgG1). Dose-dependent ADCC response was not detected in any of the mAbs. A dose-dependent CDC response could be observed for the IgG1 isotype control only. As expected for antibodies of IgG4 isotypes, this isotype did not show a significant CDCmediated response. We conclude that GNbAC1 does not induce a complementdependent or antibody-mediated cellular cytotoxicities. The absence of ADCC and CDC is an important aspect of the therapeutic strategy with GNbAC1 because it is designed to block MSRV-Env and its toxic action, but not to destroy cells expressing the target, such as monocytes, lymphocytes B or microglial cells. 16, 28 This is another critical element supporting the safety of the molecule.
In a tissue cross-reactivity study, GNbAC1 was found to bind at high concentration to mature superficial urothelium (umbrella cells), syncytiotrophoblast /trophoblast of the placenta, and superficial endometrial cells of a single subject only. At the optimal concentration, no staining was considered to be related to GNbAC1. It should be noted that the clinical concentration of GNbAC1 in the upper layer of the urothelium whose cells are connected with tight junctional complexes would be probably low. The staining of syncytiotrophoblast might be due to binding to syncytin, a protein related to MSRV-Env, and motivates a contraindication for pregnant women as a precaution.
Early clinical data representing about 10.8 subject-years of exposure show an absence of serious adverse drug reactions Figure 7 . Mean GNbAC1 serum concentration-time curves after single injection of doses of 6 mg/ kg and 30 mg/kg of GNbAC1 by gender in a mice toxicology study.
associated with GNbAC1. The safety profile in terms of AEs does not show any particular association with safety signals according to the duration of treatment or to the dose. 23, 25 The AE pattern was mainly associated with the MS disease and with pre-existing pathological conditions. 25 Notably, there was no evidence for either infusion reactions or hypersensitivity, a frequent safety issue with biologicals, 29 in the early clinical trials of GNbAC1. Overall, the initial safety profile of GNbAC1 is in line with the expectation raised during the preclinical development and appears to be favorable.
The immunogenicity profile of GNbAC1 was tested before administration to humans and the in-silico analyses showed that the potential binders were localized in the CDR regions, and, in a clinical setting, an anti-idiotypic response is considered more likely than an anti-isotype response. So far in humans, GNbAC1 has not shown an induction of ADA, which is in line with its sequence structure. An alteration of the PK profile due to the presence of pre-existing antibodies was not observed.
The PK of GNbAC1 appears linear in the tested dose range with half-lives between 27 to 37 d. The PK parameters of GNbAC1, computed in a small population and over a relatively short period, correspond to expected values for IgG4 mAbs. 30 The CSF/plasma ratio of concentration observed in one subject is in line with the values of between 1% and 0.1% observed with immunoglobulins and therapeutic mAbs in MS. [31] [32] [33] This point is important as the target is expressed in the blood on monocytes and lymphocytes B, as well as on brain microglial cells. The concentrations observed at Cmax and Cmin at steady-states are in line with plasma concentrations between 100 mg/ml to 300 mg/ ml needed to bind not only targets in the plasma, but in particular those expressed in the CNS taking into account the bloodbrain barrier penetration reflected by the above-mentioned CSF/ plasma ratios. The metabolism of the MSRV-Env target after binding is currently unknown, but a mix of receptor-mediated clearance for target expressed on cells and of FcRn process for soluble MSRV-Env is expected. 30, 34 Derfuss et al showed that binding to the target induces a statistically significant decline of the MSRV transcripts for Env as well as for Pol 25 ; declines of MSRV Env transcripts have been observed with MS reference drugs such as interferon b 35 and natalizumab. 36 It will be interesting to test in further clinical development whether this biomarker response will be predictive of efficacy response.
Overall, GNBAC1 presents a favorable preclinical and early clinical safety profile, and shows promise as a mAb against an innovative target relevant in MS as shown in animal models. This observation is supported by promising pharmacodynamic data in patients, showing clinical stabilization and MSRV biomarker decrease. 24, 25 For a chronic disorder like MS starting in young patients, there is a need for drugs for which the safety risk can be managed over the long-term. 37 By targeting MSRV-Env, with its unique role in MS, we have developed a mAb that should demonstrate maximal efficacy with an optimal safety profile. Although the safety profile and the clinical efficacy need to be confirmed during the further clinical development of GNbAC1, these results are encouraging for the therapeutic armamentarium of MS.
Methods

Target sequence specificity
To identify potential analogies with other protein sequence, the sequence of the protein encoded by MSRV-Env reference sequence (Genbank: AF 331500) was aligned by the method of Basic Local Alignment Search Tool (Blast search) on worldwide protein databases accessible through the National Center for Biotechnology Information (NCBI) website (http://www.ncbi.nlm. nih.gov).
Target binding specificity
The binding activity of GNbAC1 to the surface unit (Env-SU) of MSRV-Env protein (Env-SU 0.2 mg/ml) compared to the full-length MSRV-Env protein (Env-T; 0.5 mg/ml) was determined. Env-SU is a 33-kDa and 293-amino acid fraction of the full-length MSRV-Env protein. For this purpose, serial dilutions of the Env preparations were bound to the ApoH precoated microtiter wells, which were then incubated with a constant amount of mAb (10 mg/ml). The capture by APOH is based on its properties to bind non-physiological molecular motifs on proteins with one domain and to have another strong binding to associated lipids (from cellular membranes or in viral particles), which stabilizes the capture of viral glycoproteins; after a washing step, the detection is feasible with a labeled mAb specifically binding to the antigen, as previously described for MSRV and other viral glycoproteins. 38, 39 Results are presented as the ratio of P/N (P D signal of antibody with MSRV-Env and N D signal of antibody without MSRV-Env) showing mean values of 3 independents experiments.
Kinetic analysis
Kinetic constants including the Kd values of GNbAC1 were determined utilizing the technology from Attana (Sweden). The Attana A200 system is a dual channel, continuous-flow system for automated analysis based on the quartz crystal microbalance Figure 8 . GNbAC1 blood concentration after first administration for group 1 (2 mg/kg) and group 2 (6 mg/kg) in MS patients in study GNC002; semi-logarithmic presentation.
technology. A direct assay was used to measure the interaction between immobilized GNbAC1 and the MSRV-Env protein (glycosylated form expressed in HEK293 cells) in solution.
Animal models
Pathogen free female C57BL/6 mice (6-8 weeks old) were purchased from the Charles River laboratories and maintained at the animal facilities for one week before immunization. EAE induction was obtained under previously validated conditions for MSRV-Env induced EAE. 22 Immunoglobulin cytotoxicity For ADCC and CDC, complement activation in the presence of transfected human cells expressing the MSRV-Env antigen on their surface was investigated in vitro. The analysis of ADCC and CDC was performed using cultured HEK293 cells transfected with the recombinant plasmid ENV-MSRV-ps-His-pHHB/2 leading to a transient expression of MSRV-Env on the surface of HEK293 cells. The transfection rate was analyzed by flow cytometry using fluorometric ch-GNbAC1-IgG1 antibody. Rituximab, which is also a chimeric monoclonal IgG1 antibody but with another specificity (anti-CD20), was used as an isotype and negative control. The antibody was also used as a positive control for both the ADCC and CDC assays, which were measured by using the CytoTox-Glo TM assay from Promega (Madison, WI, USA). In parallel, the cytotoxic capacity of humanized GNbAC1 (IgG4 isotype) was analyzed. The transfection rate was analyzed by flow cytometry revealing a transfection rate of 28.9% of gated cells. For the analysis of ADCC, freshly prepared PBMCs and MACSpurified CD16C-NK-cells from a normal healthy volunteer were used as effector cells. An effector:target cell ratio of 10:1 and 25:1 for PBMC:HEK293 and 10:1 for NK cells:HEK293 were used for ADCC analyses. Target cells were incubated with GNbAC1 for 30 min at 37 C. Effector cells were added and incubated for additional 5 hours at 37 C. In a similar experimental setup, NK cell-mediated ADCC against such antigen-expressing transfectants was analyzed. CDC was measured using human serum from a normal healthy blood donor (with a normal total complement activity). Target cells were incubated with GNbAC1 for 30 min at 37 C. In all sets of experiments, 10% human serum was added and incubated for additional 5 hours at 37 C. As a control experiment the maximal cytotoxicity was measured after saponin-mediated total cell lysis. The antibody mediated% cytotoxicity was calculated compared with the transfected cells only and total cells, respectively.
Toxicological study
GNbAC1 was evaluated in a 2-week, toxicity study in mice following a single intravenous administration of GNbAC1 at 6 mg/kg and 30 mg/kg doses, representing 1£ and 5£, respectively, the maximal dose administered in healthy volunteers in the Phase 1 trial. The drug was injected intravenously. Two groups of 10 male and 10 female Swiss mice received GNbAC1 by a single intravenous bolus administration at dose-levels of 6 or 30 mg/kg. The dosage forms were administered under a constant dosage-volume of 3 mL/kg. A further group of 10 males and 10 females received a control injection alone. The animals were kept for a 2-week observation period. Satellite animals (4 males and females in the control group and 18 males and females in treated groups) were allocated for toxicokinetics. Clinical signs, food consumption and body weight were monitored. Ophthalmological examinations were performed on all animals in pre-test and on control and high-dose animals at the end of the observation period. Hematology and blood biochemistry investigations were performed on designated animals at the end of the observation period. Serum levels of GNbAC1 were determined in samples collected pre-dose and 1 hour after dosing for control animals and 1, 6, 24 hours, then 4, 7 and 14 d after dosing for test itemtreated animals. At the end of the observation period, the animals were sacrificed and submitted for macroscopic and microscopic post-mortem examination.
Human tissue cross-reactivity study The potential tissue cross-reactivity of GNbAC1 in human tissues was evaluated by characterizing the immunohistochemical staining patterns of a panel of 42 human frozen tissues from different organs and one blood smear from 3 unrelated individuals. Tissues were used unfixed, except for pancreas, gall bladder and bone marrow, which were fixed in neutral buffered formalin for 10 minutes following fixation. The test item was FITC-labeled GNbAC1 with a Human IgG-FITC conjugate as control; positive and negative controls were HEK293 cells expressing MSRVEnv, HEK293 wild type cells.
Clinical studies
A Phase 1, first-in-man, clinical study performed in a doubleblind, placebo-controlled, dose-escalating titration design was performed in 33 healthy subjects who do not express the MSRV-Env target. 23 In dose cohort zero at dose 0.0025 mg/kg, 3 subjects received GNbAC1 i.v infusion and one subject received placebo. In dose cohort 1 at dose 0.025 mg/kg, 4 subjects received GNbAC1 i.v infusion and one subject received placebo. For the following 4 dose cohorts (respective doses of 0.15 mg/kg, 0.6 mg/kg, 2 mg/kg, 6 mg/kg), 4 subjects received GNbAC1 intravenously and 2 subjects received placebo (randomization ratio 2:1) in a sequential manner. All the 33 healthy subjects received the scheduled injections.
A Phase 2a study was performed as a single-blind, placebocontrolled dose-escalating randomized study in 10 MS patients. 24 In each of 2 dose cohorts (2 mg/kg and 6 mg/kg), 4 patients received GNbAC1 and one patient received placebo (randomization ratio 4:1) in a sequential manner. Then, the patients entered in a repeated dose extension study where all 10 patients received GNbAC1 in an open-label setting for 11 additional administrations.
Study protocols and informed consents for the 2 clinical studies were approved by the local ethics committees and the Swiss Medicine Agency, Swissmedic. All subjects and patients enrolled in the studies had signed written informed consent form prior to study entry.
Pharmacokinetic analysis
The analysis of GNbAC1 in plasma and CSF in Phase 2a study was based on a competitive electrochemiluminescence (ECL)-based immunoassay using an anti-idiotypic mAb (Mab1E4F7H6) against GNbAC1 as capture antibody and ruthenylated GNbAC1 as competitive drug. 23 The pharmacokinetic analysis was performed using NC_PKP.sas using SAS Version 9.2 (SAS Institute, Cary, NC, USA).
In silico immunogenicity assessment
In silico T-cell profiling for GNbAC1 was performed based on Epibase Ò technique. The sequence of GNbAC1 was scanned for the presence of putative human leukocyte antigen (HLA) class II restricted epitopes, also known as Th-epitopes. HLA binding specificities of all possible 10-mer peptides derived from a target sequence were analyzed. Profiling was done at the allotype level for 47 HLA class II receptors representative of the total Caucasian population.
In vivo immunogenicity assessment For in vivo immunogenicity assessment, blood samples were taken before GNbAC1 administration and at days 29 and 64 post infusion in the Phase 1 study and before each GNbAC1 administration in the Phase 2 study to determine the immunogenic potential of GNbAC1. The screening for binding antibodies against GNbAC1 was performed by an ADA assay using a homogeneous bridging assay format utilizing the electrochemiluninescence (ECL) technology. For this assay GNbAC1 was labeled with biotin and with a ruthenium label (Sulfo-Tag TM ), respectively, to be used as capture antigens. After binding to antiGNbAC1 antibodies the complex was immobilized on streptavidin coated ECL -specific microtiter plates and was detected. This approach enables the detection of all isotypes. Affinity purified monoclonal anti-idiotypic GNbAC1 antibodies served as controls. The assay screening cut point of 246 RLU was determined after analysis of serum from 51 normal blood donors by the calculation of the mean reactivity plus 1.645 standard deviation (SD) resulting in a specificity of 95%. A confirmatory assay cut point was determined by immune depletion experiments using the same 51 serum samples as used for the determination of the screening assay cut point. Applying a 99.9% confidence interval a confirmatory cut point of 38.2% was calculated. A quasi-quantitation of positive study samples was performed by titer analysis.
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